JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
INTRODUCTION
The Smoking Hills are located at 70014' N, 127?10' W, on the east coast of Cape Bathurst in the Northwest Territories of Canada, 250 km east of the delta of the Mackenzie River (Fig. 1 ). This remote, uninhabited area has been little influenced by human activity. At several locations along 30 km of this seacoast, exposures of bituminous shale in 100 m high seacliffs have spontaneously ignited. Plumes from these bums fumigate the tundra with sulfur dioxide, sulfuric acid mists and aerosols, and particulates (Fig. 2) . As a result, local damage has been caused to terrestrial and aquatic tundra ecosystems (Hutchinson et al. 1978, Havas and Hutchinson 1983) .
The area has a bedrock of Upper Cretaceous shale, covered by < 10 m of calcareous glacial till and alluvial deposits. Interbedded in the bedrock matrix are layers of yellow jarosite (a hydrated sulfate of iron and potassium) and bituminous shale. Where the latter has been exposed to the atmosphere by erosion or slumping of the seacliW, pyritic sulfur undergoes an exothermic oxidation to sulfate. The accumulation of heat can be sufficient to ignite the bituminous material, and the fire then burns into the eroding seacliffs until the oxygen supply becomes insufficient to support further combustion. This mechanism of spontaneous combustion is similar to that proposed for the ignition of waste coal heaps and underground coal mines, where pyrites are also exposed to atmospheric oxygen (Sussman and Mulheam 1964, Mathews and Bustin 1984) .
The earliest documented sighting of the Smoking Hills by Europeans was by the Franklin-Richardson expedition of 1826, but the bums are undoubtedly more ancient than this. The area was probably not covered by ice as late as 18 000 BP during the most recent Wisconsinan glaciation (Prest 1984 , Ritchie 1987 , and the large piles of ash and oxidized shale at the bottom of the seacliffs suggest that the bums are ancient. such as aluminum, and the leaching of calcium and magnesium (Hutchinson et al. 1978 , Gizyn 1980 , Havas and Hutchinson 1983 . Effects of the toxic conditions on the biota of freshwater tundra ponds have also been described (Havas 1980, Havas and Hutchinson 1983) .
The air and soil pollution at the Smoking Hills area has also damaged the terrestrial vegetation. In terms of degree, but not scale, these effects rival or exceed the worst anthropogenic cases of ecological damage by S02 and acidic deposition, for example, the damage that has been caused in the vicinity of some metal smelters (Freedman and Hutchinson 1980a, b, Freedman 1989) . Moreover, because the exposure has lasted much longer than the comparable anthropogenic stresses, studies of damage at the Smoking Hills can contribute to the prediction of the longer term consequences to ecosystems and biota of sulfur dioxide pol- A slump of the seacliff at the Smoking Hills has exposed bituminous shale to the atmosphere, resulting in a spontaneous ignition, and fumigation of the nearby tundra with sulfur dioxide, and sulfuric acid mists and aerosols. This has caused a severe acidification and other damage to terrestrial and aquatic ecosystems. iii) Reference hydric sites. -There were four reference wet-meadow sites, all located at least 2 km inland.
All were dominated by graminoids and bryophytes. iv) Fumigated hydric sites. -Three fumigated wetmeadow sites were located along a transect extending inland through a plume, with vegetation dominated by graminoids and bryophytes. In addition, we sampled two former wet meadows that had been devegetated by fumigations.
Collection of vegetation data. -At each sample site, 10 1 x 1 m quadrats were placed at random locations along a sampling line that extended parallel to the seacoast. In each quadrat, the cover of each plant species, litter, and bare ground was estimated as the percentage of surface obscured, i.e., the sum of all cover values totalled 1 00%. If cover was < I%, then the species was noted as "present" (P). The taxonomy used for the identification of plants was; (i) Hulten (1968) for vascular plants; (ii) Conard (1956) and Crum (1976) for bryophytes; and (iii) Fink (1960) and Hale (1969) for lichens.
Analysis of vegetation data. -To identify the statistically associated groups of stands on the basis of their species composition and cover, the data matrix of stands x species cover was subjected to the divisive clustering procedure, two-way indicator species analysis (TWIN-SPAN). TWINSPAN is based on a reciprocal averaging algorithm, and divisions are made on the basis of stand attributes (Hill 1979a , Gauch 1982 . Note that totally devegetated sites were not clustered or ordinated (see below), because they lacked vegetation data.
The results of the cluster analyses were used to assign the stands among plant "communities." For each community, the average cover of plant species was calcu- To explore the multivariate relationships among stands on the basis of their composition and abundance of plant taxa, the same data matrix was subjected to an ordination by detrended correspondence analysis (DCA, using the DECORANA program [Hill 1 979b] ), which calculates eigenvectors by a reciprocal averaging procedure. The detrending of second and subsequent axes prevents a quadratic dependence on previous axes (i.e., the arch effect and involution) and reduces endcompression of the axes (Hill 1979b , Gauch 1982 .
Because DECORANA only calculates the first four axes, the eigenvalues are relative rather than absolute measures of the variation accounted for by each axis (Whittaker 1987) . To index the variation accounted for by particular axes, we computed the relative eigenvalue, i.e., its magnitude divided by the sum of the eigenvalues of all four DECORANA axes (Whittaker 1987) . 1968 , Liang et al. 1973 , Rider et al. 1977 . 
OBSERVATIONS Vegetation
The cluster analysis identified five plant "communities" among the sample sites that had vegetation (Fig.   3 ). These five communities as well as the two types of devegetated sites are briefly described below:
Stands on mesic-xeric sites. -The character of the vegetation of mesic-xeric sites was strongly influenced by the intensity of pollution (Table 1) 
MX-REF MX-MOD MX-SEV MX-DEV
Plant taxa Species acronym (n = 11) (n = 17) (n = 9) (n = 3) (Table 2) erence sites (e.g., Dryas integrifolia, Luzula arctica, Salix glauca), and there was a relatively large cover of crustose lichens and certain bryophytes (e.g., Pogonatum sp., Pohlia sp.). In contrast to the large changes in species along the fumigated transect, there was relatively little change in vegetation along the reference transect, and most cover was contributed by Dryas integrifolia and Salix arctica (Fig. 5C ).
Surface soil chemistry did not change markedly among mesic-xeric sites along the transect through the gradient of pollution damage. At devegetated sites close to the edge of the seacliff, the soil was very acidic (pH 2.8-3.3) with small concentrations of calcium and magnesium ( Fig. 5E-G) . Further inland in damaged but progressively better vegetated stands, the surface soil was similarly acidic (pH 2.7-3.6) and depauperate in these base cations. In contrast, there was a large and obvious decrease in the concentration and deposition of atmospheric sulfur along this gradient of vegetation change (Fig. 5H-T) . Short-term measurements of SO2 by the West-Gaeke method during a fumigation indicated a concentration of 1-2 ,uL/L within -100 m of the cliff-edge, and rapidly decreasing concentrations farther inland. A similar pattern was shown by longer term measurements of atmospheric SO2 by the sulfation method (Fig. 5H) , which indicated a concentration of -0.6-0.8 ,uL/L within 80 m of the cliff-edge and rapidly decreasing concentrations farther away, over a 2-wk period with frequent fumigations.
There were not enough hydric sites to examine a gradient of pollution damage in the vicinity of the plumes at the Smoking Hills. However, at sites closest to the largest plume there were several devegetated wet meadows, with very acidic (pH 3.0), black peat with relatively small concentrations of calcium and magnesium, and a large concentration of sulfur (Table 2) .
Less damaged stands located farther inland had a smaller total cover than reference wet meadows, but were similarly dominated by the sedge Carex aquatilis.
These fumigated but vegetated stands had highly acidic peat (average pH 3.3), with a smaller concentration of calcium and a larger concentration of sulfur than in the reference meadows (Table 2) . those at Sudbury, Ontario (Gorham and Gordon 1960 , Dost 1973 , Freedman and Hutchinson 1980a , Rorison 1980 ).
In mineral soil, acidification causes important secondary effects, especially (i) toxicity due to the mobilization of ionic forms of aluminum, manganese, and other metals, and (ii) nutrient impoverishment and imbalance caused by the leaching of base cations under acidic conditions, particularly calcium and magnesium (Rorison 1980, Freedman and Hutchinson 1986 (Gorham and Gordon 1960 , Watson and Richardson 1972 , Freedman and Hutchinson 1980a ).
Soil at these devegetated sites has been rendered toxic Other examples where a similar pattern of ecological donation has been caused by emissions of pollutants from a point source include a lead-zinc smelter at Trail, British Columbia, Canada (Katz 1939) , an iron-sintering plant at Wawa, Ontario, Canada Gorham 1963, Scale 1982) , a copper smelter at Ducktown, Tennessee, USA (Smith 1981) , and a copper smelter near Superior, Arizona, USA (Wood and Nash 1976) . In all of these cases, SO2 and particulate deposition combined to damage vegetation in well-defined concentric zones, and caused the accumulation and solubilization of toxic elements in soil.
